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Sr1-xLaxTiO3 (SLTO) ceramics with colossal permittivity were fabricated by 
conventional solid-state reaction method. The point defects of pure STO and SLTO 
ceramics were analyzed by Positron Annihilation Lifetime Spectroscopy (PALS) and 
Coincidence Doppler Broadening (CDB). The charge compensation mechanisms and 
dielectric properties of ceramics were investigated. The results indicated that the 
intrinsic defects in pure STO ceramics were mainly 
. The charge compensation 
mechanism of SLTO ceramics was predominantly formation of 
 . With increasing 
La content, εr of SLTO ceramics increased up to ~70000 at room teperature. The 
results of first-principle calculations indicated tha  the colossal permittivity came from 
a sharp polarization increase caused by dipole structure of defects. tanδ of SLTO 
ceramics showed obvious Debye relaxation at high temperatures and the relaxation 
showed a multiple relaxation times derived from different kinds of polarization 
mechanism. The main polarization mechanism of SLTO ceramics gradually changed 
from ion displacement polarization to defect dipole polarization influenced by the 
concentration of La dopants. 

















Large numbers of dielectric materials have been used to miniaturize electronics 
even more, and they also have a lot of applications n high-energy-density storage 
because of their excellent performance, colossal permittivity (CP, εr>10
3) as well as 
very low dielectric loss. Thus, many researchers are still focusing on discovering new 
dielectric materials with high-performance [1,2]. Nowadays several mechanisms have 
been proposed, which can cause high permittivity [3-6], resulting in the discovery of 
new CP materials such as doped TiO2, BaTiO3 and SrTiO3 (STO) dielectric ceramics. 
However, the exact mechanisms and explanations for generating CP are still 
unclear. Originally, it was thought that a new intri sic polarization mechanism caused 
by electrical charge ordering and/or crystal structure might have relation with CP. 
Then, lots of research works have shown that a well-known extrinsic 
Maxwell-Wagner (MW) polarization, which is associated with inhomogeneous 
electrical properties between grains and grain boundaries, can generate CP under 
some circumstances [7-9]. 
For the origin of CP, there is another viewpoint, considered from the point 
defects and the defect-dipole theory. Recently, Hu et al. [10] prepared (Nb+In) 
co-doped TiO2 rutile ceramics exhibiting CP (>10
4) and low dielectric loss 
(mostly<0.05) largely independent on temperature and frequency over a wide 
temperature range of 80-450 K. It was explained that Nb5+ and In3+ substitutes Ti4+ 
sites and generated large defect-dipole clusters, which contained highly localized 















For Ba0.95La0.05TiO3–x materials, the origin of CP has also been explained by the 
interfacial polarization effect by mobile electrons i  the grains and oxygen vacancies 
(
·· ) in the vicinity of grain boundaries [11]. While for another important CP 
candidate, STO, the origin of CP has been seldom investigated, and it is just explained 
by the extrinsic Maxwell-Wagner interfacial polarization or the intrinsic polar order 
induced in SrTiO3 ceramics [12,13]. But Wang et al. [14] pointed out that for 
SrTiZrxO3 ceramics sintered in N2, the colossal permittivity (>10
4) and low dielectric 
loss (<0.01) could be attributed to the existence of 
··-related giant defect dipoles and 
caused by the localized hopping electrons. 
STO is one kind of typical perovskite-structure oxides having a wide band gap of 
Eg~3.2 eV. In early studies, donor doping to the Sr or Ti sites of STO-based ceramics 
could lead to superconducting, high dielectric, thermoelectric and other special 
physical properties [15-17]. It has been proved that Nb-doped STO ceramics sintered 
in air usually have high dielectric loss [18,19]. But recently Wang et al. [14,20] 
reported that Sm- and Zr-doped STO ceramics sintered in nitrogen atmosphere at high 
temperatures revealed CP and very low dielectric loss ver a temperature range of 
25 °C~200 °C. Shen et al. [21] reported that Re0.02Sr0.97TiO3 (Re=La, Sm, Gd, Er) 
ceramics showed a high dielectric permittivity, which is about 10-15 times higher 
than that of pure STO, while the dielectric loss still remained lower than 0.03 at room 
temperature. But explanations of these exciting phenomena were not given in the 
article. The mechanisms for CP in STO based ceramics are still not fully understood. 















research the defect and electronic structures. It can bring out unique information of 
the materials such as the electron momentum distribution, and defect status by using 
positrons annihilation radiation in condensed matter [22]. Mackie et al. [23] studied 
vacancies in STO single crystals by positron-annihilation lifetime spectroscopy 
(PALS). The results showed that Sr vacancies (
 ) were predominantly in Nb-doped, 
electron-irradiated and vacuum-annealed samples. For undoped crystals, the point 
defects were mainly Ti vacancies (
). However, scholars have different points on 
the defect structure of STO-based ceramics [24,25], and further research is needed. 
The development of PAS analysis technique gives us a possibility to explain the origin 
of CP from the point defect level. 
In this paper, the point defects of Sr1-xLaxTiO3 ceramics were studied by PAS, and 
the chemical state of each element was analyzed by X-ray Photoelectron Spectroscopy 
(XPS). Ab-initio modeling of defects was employed for proper interpr tation of 
experimental data. A comparative study on the dielectric properties of SLTO ceramics 
and pure STO ceramics was presented. The origin of CP was discussed within the 
defect chemistry theory from the point defect level. 
 
2. Experimental details 
Ceramics of SrTiO3 and Sr1-xLaxTiO3 (x=0.05, 0.075, 0.10 and 0.125) were 
prepared by the conventional solid-state reaction method. The raw materials were 
reagent-grade SrCO3, TiO2 and La2O3 powders. Firstly, these raw materials were 















balls were used as grinding media. After drying, the mixtures were calcined at 
1300 °C for 4 h in air, and ball milled for 12 h again. With polyvinyl alcohol (PVA) 
as binder, the powders were granulated and pressed into cylindrical pellets (Φ12 
mm×1.5 mm). To burn out the binder, the compacts were h ated at 500 °C for 2 h. 
Then STO samples were sintered at 1300 °C, 1400 °C, 1500 °C and 1600 °C for 2 h 
in air, while SLTO samples were only sintered at 1600 °C for 2 h in air. 
X-ray diffraction (XRD) and scanning electron microsc py (SEM) were used for 
analyzing the crystalline structure and microstructure of the sintered samples. The 
XRD studies were carried out on X’Pert PRO diffractometer (Panalytical). The SEM 
observations were performed on Quanta 600 scanning electron microscope (FEI). 
For investigation of point defects, two complementary PA techniques were 
employed: (i) PALS which enables identification of point defects and determinate 
their concentrations [26-29] and (ii) coincidence Doppler broadening (CDB) which 
provides information about local chemical environmet of defects [30]. PAS 
measurements use a 22Na positron source deposited on a 2 µm thick Mylar foil, and 
the activity is ≈1 MBq. The positron source was always sealed between two pieces of 
the sample. 
A digital spectrometer described in Ref. [31] was employed for PALS 
measurements. Time resolution (full width at half-maximum of the resolution function) 
of the spectrometer is 145 ps. By using a maximum likelihood program, the positron 
lifetime spectra, containing at least 107 positron annihilation events, were decomposed 















components whose lifetime is 1.5 ns and 368 ps, and relative intensity is 1% and 7%, 
representing contributions of positrons annihilating  the covering Mylar foil and 
inside the 22Na source spot, respectively. 
The CDB studies were carried out using a digital CDB spectrometer [33] 
equipped with two high-purity Ge detectors and characterized by the energy 
resolution of 0.9 keV at the annihilation line of 511 keV and the peak-to-background 
ratio higher than 105. At least 108 annihilations were collected in each 
two-dimensional CDB spectrum. Subsequently, the CDB spectra were reduced into 
one-dimensional cuts representing the resolution function of the spectrometer and the 
Doppler broadened annihilation peak. Normalized Doppler broadened peaks were 
divided by the normalized peak for a well-annealed pure Ti reference sample. 
The valence states of elements were detected by XPSon a spectrometer 
AXIS-ULTRA DLD (Kratos). For the dielectric measurem nts, the sintered ceramic 
samples were polished. Then the silver electrodes were painted on both sides of the 
polished ceramic samples, and heated at 500 °C for 15 min. The dielectric properties 
were evaluated with a precision impedance analyzer E4980A (Agilent) in a wide 
temperature range (25-400 °C) and frequency ranging from 100 Hz to 1 MHz. 
 
3. Ab-initio calculations 
Positron lifetimes were calculated using density functional theory (DFT) within 
so-called standard scheme [34]. In this approximation positron density is assumed to 















first electron density n(r) in the material is solved without the positron. Subsequently, 
the effective potential for positron is constructed as 
                      	
 =  + [, ∇]                 (1) 
where φ (r) is the Coulomb potential produced by the charge distribution of electrons 
and nuclei and Vcorr is the zero positron density limit of the electron-positron 
correlation potential [34]. 
The ground state positron wave function ψ+(r) was calculated by solution of a 
single particle Schrödinger equation 
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where E+ is the positron ground state energy. The positron lifetime was determined 
from the expression 
                     =  ! "
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]$                  (3) 
where re is the classical electron radius, c is the speed of light, and γ denotes the 
electron enhancement factor accounting for the pile-up of electrons at the positron site 
[34]. 
The electron-positron correlation, i.e. the correlation potential Vcorr and the 
enhancement factor γ, were treated using two approaches: 
(i) local density approximation (LDA) utilizing the parametrization by Boroński 
and Nieminen [35] and taking into account incomplete positron screening [36]. In this 
approach Vcorr and γ depends only on the local electron density at the positron site. 
(ii) generalized gradient approximation (GGA) using the approach introduced by 















electron density but also on its gradient. 
The electron density n(r) was constructed by superposition of atomic electronic 
densities calculated by a relativistic atomic code [38]. This approach called atomic 
superposition neglects the charge transfer, but it is computationally feasible and can 
be used even for very large supercells retaining full 3-D geometry of the problem 
[39]. 
The momentum distribution of annihilating electron-positron pairs was 
calculated using the approach described in Refs. [40,41]. The electron-positron 
correlations were treated with the GGA approach. The contribution ρi,nl(p) from the 
i-th atom and a shell characterized by principal and orbital quantum numbers n,l was 
calculated by the formula 
         %,&'( = 4 !*,&'#,&'| " ,
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$|         (4) 
where Ni,nl denotes the number of electrons in the (n, l) shell, Bl is the spherical Bessel 
function and the symbols ,-.&' and ,
  denote the electron and positron radial 
wave functions. The symbol γi,nl stands for the state-dependent positron enhancement 
factor [41]. The momentum distribution of the annihilating electron-positron pairs is 
obtained by summing the partial contributions ρi,nl(p) over all occupied atomic sites 
and corresponding electron shells. Since core electrons localized in atomic shells are 
practically not affected by crystal bonding and retain their atomic character the 
present approach describes well the high momentum part of the momentum 
















In order to mimic the effect of the finite resolution of the experimental setup, the 
theoretical momentum distribution curves were convoluted with a Gaussian with 
FWHM of 4.0×103 m0c. The calculated momentum distributions are present d as ratio 
curves related to momentum distribution calculated for a perfect Al crystal. 
The ab-inito calculations of positron lifetimes and momentum distributions of 
annihilating electron-positron pairs were performed for the perovskite STO structure 
with the lattice parameter a=3.905 Å. Lattice defects were modeled using 4×4×4 
320-atom based supercells. Substitutional La defects were created by replacing 
corresponding number of Sr ions by La ones. Vacancies were formed by removing 
corresponding atoms from the supercell. 
First-principle calculations were undertaken also to investigate the polarization 
strength and the formation energy of La substitution defects in STO. The latter was 
calculated by the following formula: 
               	0 = 12-3 − 3 − 412 + 4              (5) 
where E(SrTiO3) and E(La-SrTiO3) represent the total energies of a pure STO supercell and 
a supercell of the same size containing n La atoms substituting Sr ones. The symbols 
µLa and µSr represent the chemical potential of La and Sr (taken from the total energies 
of bulk metals). The calculations were performed by adopting the spin-polarized 
density function theory (DFT) method which considered spin-orbit interactions, as 
implemented in the Vienna ab-initio simulation packge (VASP). The ion-electron 
interactions were calculated by the projector augmented plane-wave (PAW) method. 















Perdew-Burke-Ernzerhof (PBE) formula of generalized gradient approximation 
(GGA). The Brillouin zone integration was carried out by 2×2×2 k-mesh based on the 
Monkhorst-Pack scheme. The cutoff energy for the plane wave basis expansion was 
set as 400 eV. The convergence criterion for the total energy calculations was set as 
1×10-5 eV. All the atoms were fully relaxed until the force on every atom was smaller 
than 0.02 eV/Å. 
Fig. 1 shows the lattice structure of STO. There are 135 atoms in (3×3×3) STO 
supercell used in the calculations of polarization and defect formation energies. La 
doped STO was modeled by substituting of two Sr atoms by two La atoms which 
corresponds to the composition Sr0.926La0.074TiO3. The second substituted Sr atom can 
be at the nearest-neighbor, second nearest-neighbor and larger distance positions, 
which are denoted as 1, 2 and 3, as shown in the figure. Corresponding defect 
structures are denoted (0,1), (0,2) and (0,3). 
 
4. Results and discussion 
4.1. Microstructure of STO and SLTO ceramics 
The XRD patterns of STO and SLTO ceramics sintered at 1600 °C for 2 h are 
shown in Fig. 2. Fig. 2(a) indicates that STO and SLTO ceramics consist of single 
phase with cubic perovskite structure, which belongs to the Pm3m space group. Thus 
La3+ ions incorporated into the SrTiO3 lattice. Details of the (111) diffraction peak are 
shown in Fig. 2(b). With La content increasing, the (111) peak shifts to a larger 















The lattice parameters (a) and cell volumes (V) obtained by the least square 
fitting of XRD patterns are shown in Table 1. The error range for a is -0.0003~0.0002 
Å. As La doping content increases, the lattice parameter decreases from 3.9080 to 
3.9028 Å. Because La ionic radius (0.106 nm) is smaller than Sr ions (0.112 nm), the 
lattice shrinks when La take the place of Sr. Theoretical and bulk densities are 
collected in Table 1 as well. The error range for bulk density is -0.02~0.01 g/cm3. The 
relative densities of STO and SLTO ceramics sintered at 1600 °C are all above 93%. 
SEM images of STO and SLTO ceramics are shown in Fig. 3. The microstructure 
of the samples is homogeneous and grains packed closely. However, there are some 
visible small pores which in accordance with density of the samples slightly lower 
than the theoretical density. And the grain size of SLTO samples is remarkable smaller 
than that of STO samples. Hence, some of La addition can suppress the grain growth 
of SrTiO3 during sintering. With La doping content increasing, the grains grow larger. 
 
4.2. Point defects 
Trivalent La ions substituted divalent Sr sites carry excess positive charges, to 
maintain electric neutrality, there are two different ways: one is by the formation of 
conducting electrons whose concentration is equal to that of the donor ions (electron 
compensation mechanism), and the other one is by the formation of 
  or 
 
(vacancy compensation mechanism). Besides, for donor-substituted SrTiO3, after 
sintering in reducing atmospheres, the titanium valence will change from Ti4+ to Ti3+ 















carrier density, this charge compensation method is al o called electronic 
compensation [43], which leads to samples become semi-conductive. According to 
Kröger and Vink [44], the charge compensation mechanisms of La3+ doped SrTiO3 
can be expressed as the following formulas: 
5678 + 2SrTiO8 →	256
∙ +	2A ′ + 97
C + 2DE
C             (6) 




C            (7) 




C            (8) 
To make deeper study on the compensation mechanisms, STO and SLTO 
ceramics were investigated by PAS. Before SLTO ceramics can be discussed, the 
intrinsic defect structure of pure STO ceramics should be fully understood. 
 
4.2.1 Results of positron lifetimes by ab-initio calculations 
Table 2 collects the results of ab-initio calculations of positron annihilation 
lifetimes for various positron states in STO lattice. The calculated positron lifetimes 
depend on the approach used for the electron-positron correlation. The bulk positron 
lifetime τB, i.e. the lifetime of free positron delocalized in a perfect (defect-free) STO 
lattice calculated within the LDA and GGA approach is 131 and 151 ps, respectively. 
These values are in excellent agreement with the lifetimes calculated using the similar 
approach in Ref. [21]. The experimental bulk positrn lifetime measured on Nb-doped 
STO single crystal was τB=141(1) ps [45]. This value falls into the range defined by 
LDA and GGA calculations. 















positron annihilation rate and the calculated lifetim s are therefore slightly shorter 
than the experimental values while the lifetimes calcul ted by the GGA approach are 
often slightly higher than in the experiment [46]. Indeed, from inspection of Table 2 it 
is clear that lifetimes calculated using the LDA approach are lower than those 
obtained within the GGA scheme. Hence, the results calculated by the LDA and GGA 
approaches define the interval into which the actual lifetimes should fall. The 
differences between various approaches to the electron-positron correlation are to a 
large extent cancelled using ratios of the calculated lifetimes to the bulk lifetime τB 
calculated within the same scheme [37,39]. Hence, in comparison of experimental 
data with ab-inito calculations we always use ratio of the calculated lif time to the 
bulk lifetime calculated with the same scheme, i.e. τ /τB,LDA and τ /τB,GGA, multiplied 
by the experimental bulk lifetime τB=141 ps. The lifetimes obtained in this way are 
listed in the last two columns of Table 2 and are indeed similar for both approaches. 
The ab-inito calculations revealed that 
·· is only a shallow positron trap unable 
to fully confine positron. This is demonstrated by calculated positron lifetime which is 
only a few ps longer than the bulk lifetime and also by negligible positron binding 
energy. On the other hand, cation vacancies (
  and 
) represent deep positron 
traps. Although isolated 
·· does no trap positrons, 





·· complex causes a considerable increase in the 
lifetime of trapped positron. Hence, although isolated 
··  is not detectable by 
positrons, it can be seen when it forms complex with a cation vacancy. 















Fig. 4. Namely Shottky defect (
 +
+3
··) maintaining the electrical neutrality 




·· which are electrically neutral as 
well. The lifetimes of positrons trapped at these defects reflect the net open volume 





To examine the effect of La substitution, we considere  
  with two 
neighboring Sr ions replaced by La (56
· +
 +56
· ) and 
 with four neighboring 





· ). One can see in Table 2 that 
substitution of Sr ions by La has only a minor impact on lifetimes of trapped 
positrons. 
 
4.2.2 PALS investigations of STO ceramics 
Two exponential components well describes the positron lifetime spectra of STO 
samples sintered at different temperatures, with lifetimes τ1, τ2 and normalized relative 
intensities I1, I2 (I1+I2=100%). The development of lifetimes of both components is 
plotted in Fig. 5 as a function of the sintering temperature. Both the lifetimes τ1 and τ2 
measured in STO ceramic samples are significantly higher than τB. It indicates that the 
defect density in STO ceramic samples is very high and almost all positrons are 
trapped at defects (so called saturated positron trapping). Type of defects in STO 
ceramics can be identified from comparison of the experimental data with theoretical 
calculations in Table 2. A dominating contribution f positrons trapped in 
 is the 















is τ2≈300 ps represents a contribution of positrons trapped at larger point defects 




·· characterized by the calculated lifetime in the range of 
295-306 ps. 
With increasing sintering temperature, τ2 gradually decreases towards the 
lifetime for 
  and this is accompanied by a decrease in I2. Hence, the open volume 
of defects responsible for the component τ2 becomes smaller and their concentration 
decreases. It indicates filling of 
·· by oxygen diffusing into the sample during 




4.2.3 PALS investigations of SLTO ceramics 
The results of PALS investigations for La-doped STO samples sintered at 
1600 °C are plotted in Fig. 6. The PALS spectra of SLTO ceramics again are 
composed by two components with lifetimes τ1 and τ2. The contribution of positrons 
trapped at 
 is the shorter component whose lifetime is τ1≈180 ps, and the longer 
component represents Shottky defects whose lifetime is τ2≈300 ps. With increasing 
content of La dopants, the intensity I2 has a sharply increase. While when x > 0.05, 
the lifetime τ2 decreases gradually towards the value of 
 . 
These results demonstrate that the number of 
  increases with increasing La 
content. In SLTO ceramics 
  is the major defects, while the main defect in STO 
samples is 
. The positive charge of 56
·  ions in SLTO need to be compensated, 
so 















indicate that the vacancy compensation mechanism decrib d by Eq. (7) is dominating 
in SLTO samples. La doping introduces 
 , and it can couple with 56
·  to form 
electrically neutral defects 56
· +
 +56
· . As one can see in Table 2, two 56
·  ions 
in the neighboring sites of 




4.2.4 CDB investigations 
The momenta information of electrons which annihilated positrons is included in 
the annihilation radiation, whose Doppler broadening can extract this information. 
The result of Doppler measurement gives the one-dimensional momentum 
distribution of the annihilating electron-positron pairs. In this electron-positron 
momentum distribution, the chemical environment where the annihilation event took 
place is characterized by the high-momentum part [40].
Fig. 7 shows the calculated CDB ratio curves for a perfect STO crystal and pure 
elements Sr, Ti, O and La. There are two characteristic features for the ratio curve of a 
perfect STO crystal: a peak at p ≈ 10×10-3 m0c, which primarily from positron 
annihilations with 2p electrons of O but also comes from electrons belonging to Ti, Sr 
and La, and a broad peak at p ≈ 40×10-3 m0c, coming from positrons annihilated in the 
vicinity of Ti ions. 
The experimental CDB ratio curves with pure Al as refe ence for STO and 
SLTO ceramics sintered at 1600 °C are given in Fig.8, and the ratio curves for pure 















the ratio curve for O can be estimated by the ratio curve for Al2O3. Comparing Fig. 7 
with Fig. 8, results of the calculated CDB ratio curves for Ti, O and STO are 
consistent with experiment qualitatively. 
The shapes of CDB ratio curves for SLTO ceramics is imilar with the STO 
sample, shown in Fig. 8, but the peak at p ≈ 10×10-3 m0c is lower, indicating smaller 
contribution of positrons annihilated in the vicinity of O. 
Fig. 9 shows the calculated CDB ratio curves for various defects in STO lattice. 
Since Ti ions are located in the center of oxygen octahedrons in STO lattice, 
 is 
surrounded by 6 oxygen ions and the O ions locate at the distance a/2 (a is the lattice 
parameter). Hence, positrons trapped at 
 are mainly annihilated by O electrons, 
which is reflected by an evident peak at p ≈ 10×10-3 m0c in the calculated CDB ratio 
curve for 
, see Fig. 9. 
  is also surrounded by O anions, but the distance (6/√2) 
is longer. Consequently, the peak at p ≈ 10×10-3 m0c is lower for 
 . Note that the 
CDB ratio curve for 56
· +
 +56
·  is almost the same as that for 
 . For positrons 
trapped in Shottky defects, the contribution of positr ns annihilated by O electrons is 
even lower than that for 
  since Shottky defect contains 
··. As a result, the CDB 
ratio curve calculated for Shottky defect exhibits the lowest peak at p ≈ 10×10-3 m0c. 
Hence, the CDB results indicate that 
 is the predominantly defects in STO 
ceramics. When La3+ ion took place with Sr2+ ion in the STO lattice, 




·  defect dipole structure. So it proves that in SLTO ceramics 
the vacancy compensation mechanism in equation (7) is predominant, in accordance 
















4.2.5 XPS characterizations 
There is another possible charge compensation mechanism that Ti4+ reduced to 
Ti3+ (Ti4+ e) because of trivalent La3+ ions displaced Ti sites carrying excess negative 
charges [47]. To examine this, the effect of La doping on the chemical structure of 
STO need to be evaluated using XPS. In XPS spectra the binding energies were 
calibrated by carbon (C 1s = 284.6 eV). The full XPS spectra for STO and SLTO 
ceramics are shown in Fig. 10. The Sr 3s, Sr 3p, Sr 3d, Sr 4s, Ti 2s, Ti 2p, Ti 3s, O 
KLL, O 1s and O 2s peaks can be observed clearly. 
Fig. 11 gives the XPS spectra of La element for SLTO samples. The binding 
energy of La 3d5/2 and La 3d3/2 yields two peaks at 831.7 eV, 835.8 eV, 848.6 eV and 
852.5 eV. This indicates that the oxidation state of La is 3+, and La atoms exist in two 
different compounds, which confirms that La atoms have entered into the SrTiO3 
lattice. 
Fig. 12 gives the XPS spectra of Ti and Sr elements for STO and SLTO samples. 
For SLTO ceramics the binding energies of Ti 2p3/2 and Ti 2p1/2 are 458.81 eV and 
464.61 eV, respectively corresponding to Ti with an oxidation state of 4+. The binding 
energy positions of Sr 3d5/2 and Sr 3d3/2 are 130.06 eV and 131.66 eV respectively, 
similar to that of Sr in SrF2 [48,49]. Here, the component corresponds to α-Sr atoms 
having an oxidation state of 2+ in Sr1-xLaxTiO3 structure. 
Besides, the positions of Ti 2p and Sr 3d shift to a higher binding energy of ~0.4 















The binding energies of Ti 2p and Sr 3d core levels for STO and Sr0.875La0.125TiO3 
ceramics are shown in Table 3. For STO and SLTO ceramics, the binding energy 
difference between Ti 2p1/2 and Ti 2p3/2 (∆E-Ti 2p) are 5.76 eV, 5.80 eV, respectively, 
and the binding energy difference between Sr 3d1/2 and Sr 3d3/2 (∆E-Sr 3d) are both 
1.60 eV, in agreement with the results of literature [51]. There is no evidence that Ti4+ 
is reduced to Ti3+, so the transformation from Ti4+ to Ti3+ because of La3+-doping does 
not happen in SLTO ceramics. Hence, the XPS results indicate that the charge 
compensation in SLTO ceramics should be attributed to the formation of 
 , and 
La3+ doping increases the Fermi level. 
 
4.3. Dielectric properties of STO and SLTO ceramics 
The temperature dependence of the relative permittivity (εr) and the dielectric 
loss (tanδ) under 1 kHz for STO and SLTO ceramics are shown in Fig. 13. It can be 
seen that εr increases with increasing temperature, particularly fter the temperature 
rising above 300 °C εr increases sharply for the Sr0.875La0.125TiO3 sample. 
At room temperature the dielectric properties of pure STO are εr = 300 and tanδ = 
0.01, consistent with the literature [52]. For SLTO ceramics εr increases with 
increasing La content. When La doping content x = 0.125, εr increased to 70000, 
which is 200 times higher than that of STO. Hence, th  Sr0.875La0.125TiO3 sample 
exhibits CP at room temperature. It is reasonable to assume that the origin of CP is 
closely related to the point defects structure in SLTO. 















ceramics with the results of other high-permittivity compounds [1, 8, 10-12, 54]. 
These compounds all show unusual colossal dielectric onstant. The highest value of 
~800,000 was obtained for Ba0.95La0.05TiO3-x, as well as the highest dielectric loss of 
~0.7. CaCu3Ti4O12 ceramics show the best combination of high εr with relative low 
tanδ.  However, the research work of intrinsic mechanisms for these compounds with 
colossal dielectric constant is still underway. 
The defect formation energies and polarization values for La-doped STO and 
La-doped STO with Sr vacancy are calculated by a -initio method, and the results are 
given in Table 5. The most energetically favorable configuration is the defect with 
structure (0,1) formed by two La atoms substituted wo nearest Sr atoms. This 
structure is more stable by about 0.06 eV than the o r two structures. For La-doped 
STO and La-doped STO with 
 , the calculated polarization value is 5.9 µC/cm3, 
42.6 µC/cm3, respectively. Thus it is concluded that a sharp increasement in 
polarization strength arises from the generation of 
  leading to CP in SLTO 
ceramics. 
As discussed before, La3+ replacing Sr2+ sites carry excess positive charges and 

  formation is the predominant compensation mechanism to maintain the electric 
neutrality. The generation of 
  makes Ti-O octahedrons distort, and Ti4+ slightly 
deviates from the center position of the octahedron. This small displacement causes 




·  and Schottky defects will form defect dipoles with 
··, which may 















octahedrons and thus further improve the dielectric properties. 
Fig. 14 shows the temperature dependence of εr and tanδ for STO and SLTO 
ceramics under certain frequencies (100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz). As 
test frequency increases, the εr of all samples decreases, owing to the interface 
polarization relaxation and dipole orientation polariz tion relaxation. For STO 
ceramics, when the test temperature is lower 160 °C the εr increases gradually and 
then increases rapidly with temperature increasing further. The εr for Sr0.95La0.05TiO3 
sample has a similar tendency with STO ceramics. The tanδ of STO ceramics shows a 
broad peak exhibiting frequency dispersion. For SLTO ceramics, when x≥0.05, the εr 
increases slowly as temperature increases. The dielctric loss peaks broaden with 
increasing La content. 
From Fig. 14 we can see that, the test frequency range is 100 Hz-1 MHz, i.e. the 
time range of 10-2-10-6 s, which corresponds to the response time of the dipole 
orientation polarization. Based on the above analysis of defect types and charge 




 and Schottky 
point defects in STO. Cation vacancies (
 , 
) and 
·· form defect dipoles with 
different response times. Thus with increasing La content, the concentration of defect 
dipoles increases and the relaxation phenomenon becomes more and more obvious. 
Fig. 15 shows the frequency dependence of εr and tanδ for STO and SLTO 
ceramics at different temperatures. For all samples, εr decreases rapidly as the 
frequency increases. When the frequency increases to a certain value fT, εr becomes 















Dielectric loss peaks are clearly visible and display a dispersion that shifts to high 
frequency, exhibiting typical Debye relaxation behavior. 
The test data of STO and SLTO ceramics were fitted by equation (9) [55-56] to 
calculate the value of β (0≤β≤1), which represents the degree of dispersion of 
relaxation time τ0. 




                     (9) 
As an example, when the test temperature is 280 °C, β=0.98, 0.51, 0.85, 0.79, 
0.79, respectively. For STO ceramics, the value of β is close to 1, indicating that there 
is only an ion displacement polarization mechanism. For SLTO ceramics, the value of 
β becomes smaller, which means that the dispersion region is broader. When the La 
doping content is 0.05, β has the minimum value. According to the point defect 




·  defects and Schottky point defects, so the ion displacement 
polarization and defect dipole polarization coexist. When the La doping content is 
more than 0.05, the polarization mechanism is mainly defect dipole polarization. 
Federicci et al. [57] reported superionic conductor with colossal dielectric 
constant for Rb2Ti2O5 materials annealed under oxygen-depleted atmosphere (such as 
He, N2, vacuum). They found that oxygen vacancies are created in the material, and 
the dielectric constant reaches unprecedented value of 109. They proposed a possible 
mechanism of a Frenkel anionic defect. Additionally, they pointed out that another 
condition for the observation of such a high dielectric constant is that at least two 
























··) coexists in the material. Thus there are two ionic species of opposite 
signs in SLTO ceramics, contributing to a high dielectric constant and dielectric 
relaxation. 
To investigate the dielectric relaxation behavior, a powerful tool is activation 
energy analysis. The lnfp versus 1/T plot was made and shown in Fig. 16. The 
variation relation obeys the Arrhenius relation: 
                           TU = TVAW(	−
XY
Z[
                       (10) 
where ƒp is the dielectric loss peak position, ƒ0 is the pre-exponential factor, Ea is the 
activation energy required for relaxation, kB is the Boltzmann constant (1.38×10
-23 
J/K), and T is the absolute temperature. Applying logarithm on both side  of Eq. (10) 
the following relation can be obtained: 
                           lnTU = lnTV −
XY
Z[
                       (11) 
The development of frequencies of the dielectric loss peak with temperature for 
STO and SLTO ceramics is well described by Eq. (11)as demonstrated in Fig. 16. The 
Ea obtained from linear regression of the data for pure STO ceramic is about 1.12 eV, 
consistent with the result reported in literature (the Ea of STO single crystals is 
1.15-0.80 eV) [50]. The dependence of Ea on La doping content for SLTO ceramics is 
plotted in Fig. 17. When x ≥ 0.075, Ea decreased to ~0.25 eV. Choudhury [52] 
reported that this change in Ea seems to be connected with both the concentration nd 
the mobility of the charge carriers which are apparently 















x<0.075, intrinsic point defects become dominating type of defects and Ea increases 
with decreasing x up to 1.12 eV. 
The relaxation time τ0 is calculated by the following formula: 
                           V =

0O
                       (12) 
The relaxation time τ0 for STO and SLTO ceramics is plotted in Fig. 17 as 
function of x. From the values of τ0, the transformation of polarization mechanism can 
be deduced. For STO and Sr0.95La0.05TiO3, the polarization mechanism belongs to the 
ion displacement polarization. When x ≥ 0.075, the relaxation time prolongs 
indicating that the polarization mechanism changed to efect dipole polarization. It is 




·  defect dipole structure contributes to the improved polarization 
and increased relaxation time. 
 
5. Conclusion 
SLTO ceramics with colossal permittivity were fabricated by the conventional 
solid-state reaction method. The results of PALS and CDB indicated that intrinsic 
point defects in the pure STO ceramics are mainly 
. The dominating charge 
compensation mechanism in SLTO ceramics is formation of 




·  defect dipole structure. XPS results demonstrated that the 
transformation from Ti4+ to Ti3+ does not happen in La3+-doped SLTO ceramics. As La 
doping content increases, εr of SLTO ceramics increases and shows colossal 















sharp polarization increase caused by defect dipole structure. The tanδ of SLTO 
ceramics showed obvious Debye relaxation at high temperatures and the relaxation 
showed a multiple relaxation times resulting from different kinds of polarization 
mechanism. The main polarization mechanism of SLTO ceramics gradually changes 
from the ion displacement polarization to the defect dipole polarization influenced by 
the concentration of La dopants. 
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Fig. 1. Lattice structure of (3×3×3) STO supercell with 135 atoms. The red spheres, green 
spheres and gray spheres represent O atoms, Sr atoms nd Ti atoms, respectively. The labels 
0, 1, 2 and 3 denote the position of Sr ion substituted by La. 
Fig. 2. (a) XRD patterns of STO and SLTO ceramics sintered at 1600 °C, (b) detail of (111) 
reflection. 
Fig. 3. SEM images taken in the cross section of ceramics sintered at 1600 °C. (a) SrTiO3, (b) 
Sr0.95La0.05TiO3, (c) Sr0.925La0.075TiO3, (d) Sr0.9La0.1TiO3 and (e) Sr0.875La0.125TiO3. 













Fig. 5. Results of PALS investigations of STO ceramics sintered at various temperatures Ts: the 
development of (a) the lifetimes τ1, τ2 of the components resolved in PALS spectra; (b) 






a obtained from ab-inito calculations for various defects (
, 
 , Shottky defect) 
are shown by horizontal bands in Fig. 5a.
Fig. 6. Results of PALS investigations of SLTO ceramics sintered at 1600 ℃: (a) lifetimes τ1, τ2 
of the components resolved in PALS spectra; (b) relative intensity I2 of the longer component 







obtained from ab-inito calculations for various defects (
, 
 , Shottky defect) are shown 
by horizontal bands in Fig. 6a. 
















Fig. 8. The CDB ratio curves (related to pure Al) for STO and SLTO ceramics. The CDB curves 
for pure Ti and Al2O3 are plotted in the figure as well. 
Fig. 9. The calculated CDB ratio curves (related to Al) for a perfect STO lattice and for various 
defects. 
Fig. 10. XPS spectra of STO and SLTO ceramics sintered at 1600 °C. (a) SrTiO3, (b) 
Sr0.95La0.05TiO3, (c) Sr0.925La0.075TiO3, (d) Sr0.9La0.1TiO3, (e) Sr0.875La0.125TiO3. 
Fig. 11. La 3d XPS spectra of SLTO ceramics sintered at 1600 °C. (a) Sr0.95La0.05TiO3, (b) 
Sr0.925La0.075TiO3, (c) Sr0.9La0.1TiO3, (d) Sr0.875La0.125TiO3. 
Fig. 12. Ti 2p and Sr 3d XPS spectra for STO and SLTO ceramics sintered at 1600 °C. (a) SrTiO3, 
(b) Sr0.95La0.05TiO3, (c) Sr0.925La0.075TiO3, (d) Sr0.9La0.1TiO3, (e) Sr0.875La0.125TiO3. Doted lines 
indicate peak positions for the STO ceramic. 
Fig. 13. Temperature dependence of the dielectric constant and the dielectric loss for STO and 
SLTO ceramics (the test frequency was 1 kHz). 
Fig. 14. Temperature dependence of the dielectric constant and dielectric loss for STO and SLTO 
ceramics at different frequencies. (a) SrTiO3, (b) Sr0.95La0.05TiO3, (c) Sr0.925La0.075TiO3, (d) 
Sr0.9La0.1TiO3, (e) Sr0.875La0.125TiO3. 
Fig. 15. Frequency dependence of the dielectric constant and dielectric loss for STO and SLTO 
ceramics at different temperatures. (a) SrTiO3, (b) Sr0.95La0.05TiO3, (c) Sr0.925La0.075TiO3, (d) 
Sr0.9La0.1TiO3, (e) Sr0.875La0.125TiO3. 
Fig. 16. The Arrhenius plots of lnƒp versus 1/T for the loss peak of STO and SLTO ceramics. 
Fig. 17. The dependence of the activation energy Ea and relaxation time τ0 on La doping content x 
















Table 1 The lattice parameter, cell volume, theoretical density, bulk density and relative density of 
STO and SLTO ceramics sintered at 1600 °C. 
Table 2 Results of ab-initio calculations of positron annihilation lifetimes for various positron 
states in STO crystal lattice. Electron-positron correlation was treated within the LDA or 
GGA approach. The calculated lifetimes τ divided by the bulk lifetime calculated within the 
same approach, i.e. either τB,LDA or τB,GGA, and multiplied by the experimental bulk lifetime 
τB=141 ps are listed in the last two columns. 
Table 3 The binding energies of Ti 2p and Sr 3d core levels of STO and Sr0.875La0.125TiO3 
ceramics. 
Table 4 Dielectric properties of Sr0.875La0.125TiO3, CaCu3Ti4O12, (In0.5Nb0.5)xTi1-xO2, 
Ba0.95La0.05TiO3-x, and Sr1-1.5xYxTiO3 at room temperature (1 kHz). 
Table 5 Defect formation energies and polarization values of La-doped STO and La-doped STO 

















Table 1 The lattice parameter, cell volume, theoretical density, bulk density and relative density of 
STO and SLTO ceramics sintered at 1600 °C. 









SrTiO3 3.9080 59.687 5.106 4.89 95.78 
Sr0.95La0.05TiO3 3.9050 59.545 5.190 4.84 93.24 
Sr0.925La0.075TiO3 3.9037 59.489 5.231 4.96 94.85 
Sr0.9La0.1TiO3 3.9045 59.526 5.263 5.04 95.79 

















Table 2 Results of ab-initio calculations of positron annihilation lifetimes for various positron 
states in STO crystal lattice. Electron-positron correlation was treated within the LDA or GGA 
approach. The calculated lifetimes τ divided by the bulk lifetime calculated within the same 
approach, i.e. either τB,LDA or τB,GGA, and multiplied by the experimental bulk lifetime τB=141 ps 














STO bulk 131 151 141 141 

·· 135 158 145 148 

 160 194 172 180 

  239 278 257 259 

+
·· 189 225 203 210 

 +




·· 284 315 306 295 
Sr partial Shottky defect 
 +
·· 214 246 264 264 
Ti partial Shottky defect 
+2



























Table 3 The binding energies of Ti 2p and Sr 3d core levels of STO and Sr0.875La0.125TiO3 
ceramics. 
Samples 
Line positions (eV) 
STO SLTO ∆E 
Ti 2p1/2 464.17 464.61 0.44 
Ti 2p3/2 458.41 458.81 0.40 
∆E-Ti 2p 5.76 5.80 -- 
Sr 3d3/2 131.26 131.66 0.40 
Sr 3d5/2 129.66 130.06 0.40 

















Table 4 Dielectric properties of Sr0.875La0.125TiO3, CaCu3Ti4O12, (In0.5Nb0.5)xTi1-xO2, 
Ba0.95La0.05TiO3-x, and Sr1-1.5xYxTiO3 at room temperature (1 kHz). 
Ceramics composition εr tanδ Ref. 
CaCu3Ti4O12 10,000-280,000 0.04-0.12 [1, 8, 54] 
(In0.5Nb0.5)xTi1-xO2 20,000-60,000 0.02-0.20 [10] 
Ba0.95La0.05TiO3-x 200,000-800,000 0.10-0.70 [11] 
Sr1-1.5xYxTiO3 12,000~ 123,000 0.10-0.48 [12] 

















Table 5 Defect formation energies and polarization values of La-doped STO and La-doped STO 
with Sr vacancy. 
Compound La-doped STO
 
La-doped STO with Sr vacancy
 
Position (0,1) (0,2) (0,3) (0,1) (0,2) (0,3) 
Ef (eV) -2.82 -2.75 -2.76 1.19 1.28 1.20 
P (µC/cm3) 5.9 5.8 5.8 42.6 42.7 42.6 
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